II. Present Status IIa. Present Status: Spectroscopic Signature of Aging in Pu
Resonant Photoemission, a variant of Photoelectron Spectroscopy, has been demonstrated to have sensitivity to aging of Pu samples, as shown in Figure 1. [Tobin et al, Phys. Rev. B. 68, 155109 (2003) .] The spectroscopic results are correlated with resistivity measurements and are shown to be the fingerprint of mesoscopic or nanoscale internal damage in the Pu physical structure. This means that a spectroscopic signature of internal damage due to aging in Pu has been established. 
Here, normalization is via flux measurements using a gold grid up-steam from the photoemission site. In the lower panel, comparison of the young (blue dashes) and aged (red lines) samples is made at specific photon energies, over the resonance regime photon energy range. In these lower panels, normalization is made at points above the Fermi Energy (0 eV) and at a binding energy of -4 eV.
Photoelectron spectroscopy is a "photon in, electron out" process. Often, it can be simplified down to a single electron phenomenon, where the energy of the photon is absorbed and transferred over entirely to a single electron, while all other "spectator" electrons essentially remain frozen. An advantage of this is its simplicity of interpretation. But in many systems, it is possible to induce a process with heightened sensitivity and significantly increased cross sections: resonant photoemission, shown schematically in Figure 2 . Here, a second set of indirect channels open up, which contribute in concert with the original or direct channel of simple photoemission. In a naively simple theoretical picture, one can think of the intensity variations versus binding energy (relative to the Fermi energy) as being a measure of a self-convolution of the occupied valence electronic states. Shown in the Figure 1 are resonant photoemission results for two samples: single crystallite (large grain polycrystalline) delta and aged polycrystalline delta. The plots show intensity variations versus binding energy and photon (excitation) energy. Along the photon energy axis ( 90 eV to 160eV), the classical signature of resonant photoemssion can be seen: an anti-resonance or intensity minimum (near 100eV) followed by a maximum (near 125 eV). (These energies correlate with the Pu 5d core level threshold at 102eV: ResPes is a L1 Report for the Enhanced Surveillance Campaign Experimental Benchmarking of Pu Electronic Structure 1/27/06 Schematic of the resonant photoemission process. Photoemission is a "photon inelectron out" process. In conventional Photoelectron Spectroscopy, a single electron/ single channel is involved. In RESPES, additional indirect channels with multiple electrons can participate, increasing the cross section and sensitivity of the process. multielectron process which in this case involves 5d as well as 5f electrons.) Along the binding energy axis, the "wall" is the threshold associated with the Fermi energy: no emission can occur above the Fermi Energy. While the overall envelopes of both data sets are approximately the same, as one might expect for two samples which are primarily Pu, the RESPES of aged sample is strikingly different than that of the young sample. To date, these are the strongest SPECTROSCOPIC effects observed in Pu due to aging
The cause of the difference in RESPES between aged and young samples is the nature of the screening and the associated possible decay channels. The highly ordered young samples have superior screening, giving rise to a quenching relative to the aged samples. Because of the mesoscopic disorder in the aged samples, the extra-atomic screening is compromised, allowing the resonant behavior to be amplified relative to the young samples. This illustrated in Figure 3A .
We can test this model of screening by correlating the RESPES results with resistivity measurements. It is clear that the underlying physics of the screening process and conductivity (the inverse of resistivity) would be the same. Diminished screening should thus correspond to diminished conductivity and greater resistance. At room temperature, many of the sources of the low temperature effects may have been eliminated by an effective "room temperature" annealing. Nevertheless, there has been strong evidence of aging effects in room temperature samples. For example, consider Figure 3B , where accelerated aging samples clearly show increases in length with time and hence dosage.
The effect of annealing a room temperature sample is demonstrated in Figure 3C . Two resistometry measurements are shown here: (1) a young d-Pu(Ga) sample (blue dashes) and (2) an aged d-Pu(Ga) sample (red line). The key effect is i. 5d electron excited to empty state ii. 5f electron fills 5d core hole iii. Second 5f electron is ejected to conserve energy hn L1 Report for the Enhanced Surveillance Campaign Experimental Benchmarking of Pu Electronic Structure observed at temperatures above 100°C: each sample is warmed from about 120°C to about 300°C (and then cooled to about 40°C). The aged sample exhibits a sharp drop in resistance, while the resistance of the young sample is constant. The drop in the resistance of the aged sample is a strong indication of the annealing out of the residual internal damage in the aged sample. The aged sample was 18 years old. To summarize: Increased screening quenches the RESPES, radiological damage restricts the screening in the aged sample and thus the aged sample has more RESPES. We now understand the spectroscopic signature of aging in Pu.
IIb. Present Status: Fundamental Studies of Pu Electronic Structure
We are unraveling the enigma of Pu electronic structure. Sixty years after its discovery by E.O. Lawrence, the mystery of the electronic structure of Pu is finally being resolved. In a series of experiments and linked theoretical modeling, the range of possible solutions for Pu electronic structure has been dramatically reduced.
Our approach is to experimentally determine which potential terms are the largest. Synchrotron-radiation-based X-ray absorption, electron energy-loss spectroscopy in a transmission electron microscope, multi-electronic atomic spectral simulations and first principles calculations (Generalized Gradient Approximation in the Local Density Approximation, GGA/LDA) have been used to investigate the electronic structure of Pu. From these studies, we have gleaned the following key insights.
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1.
Russell-Saunders Coupling fails for Pu and the number of 5f electrons in Pu is approximately 5.
2.
Pu is a jj-skewed Intermediate Coupling case, with a large 5f spin-orbit coupling. Spin orbit splitting dominates delocalization effects: V SO > V Delocalization , to the point that the Pu 5f states can be viewed as predominantly localized.
Each of these insights will be discussed below. The key enabling measurements were x-ray absorption spectroscopy (XAS, Figure 4 ) and high energy electron energy loss spectroscopy (EELS). Under normal conditions, the utility of EELS is limited by its coulombic matrix elements that govern its transitions and complicate its spectrum. However, under the limiting conditions of high-energy excitation and low energy transitions, EELS becomes dominated by the electric dipole matrix elements and converges to a limit very similar to the intrinsically simpler and more fundamental XAS. In these studies, EELS results have been experimentally verified by comparison with XAS spectra of Pu. The nature of Pu 5f electronic structure is still under debate. Many of the complications are derived from the necessity of explaining the phase-specific behavior of Pu and Pu alloys, particularly the low symmetry (monoclinic) a phase and the high symmetry (fcc) d phase. Experimentally, there are severe hindrances, such as the general lack of single crystals and the radioactive and chemical hazards of the materials. Theoretically, no single model has gained universal acceptance, because of the limitations of each approach. Recent advances include the application of Dynamical Mean Field Theory (DMFT) to d-Pu, Generalized Gradient Approximation with a Hubbard U (GGA-U) to d-Pu, Density Functional Theory with Gradient Density Corrections and spin-orbit polarization to a-Pu and d-Pu. Yet many of the same questions remain from earlier formulations. Several of these key questions revolve around the interaction of the spin and orbital angular momenta. In fact, until now, it was even unclear which momentum-coupling scheme should be used with the Pu 5f states.
To digress, there are two limiting cases for the coupling of angular momenta in multielectronic systems: Russell Saunders or LS coupling and jj coupling. It has been shown that while the two schemes produce similar trends in derived quantities, there is an important "shift" between the results of the two schemes, thus generating very different results on an element by element basis. Historically, it has been demonstrated that the Russell-Saunders approach has been generally very successful with the Rare Earths and the earlier modeling of of actinides was based upon a non-relativistic approach, i.e. neglecting spin-orbit splitting. More recent calculations have either explicitly included the spin-orbit splitting or generated results that are consistent with a jj scheme. jj coupling should become appropriate as the atomic number increases. Nevertheless, until now there remained significant uncertainty about which coupling scheme was appropriate.
Using Synchrotron-Radiation-based X-ray Absorption Spectroscopy (XAS), High Energy -Electron Energy Loss Spectroscopy (HE-EELS), and Transmission Electron Microscopy (TEM), we have shown that Russell-Saunders (LS) coupling fails for the 5f states of Pu. A jj coupling scheme is necessary to explain our experimental observations. This result has important consequences for the future direction of efforts to resolve the open questions of Pu 5f electronic structure. Because microscopic focusing is used in the HE-EELS experiments, the measurements are completely phase specific. Figure 5 The spectrum of the 5d to 5f XAS transition of . Obviously, when n=14, no transitions will occur. For almost all of the rare earth element series, the same spectral shape is observed: sharp, pre-peak structure at lower photon energies followed by a broad continuum peak at higher photon energies, as shown for Gd in Figure 5 . This behavior has been explained previously by Dehmer et al., Starace and Sugar. The coulombic and exchange interactions between the partially occupied 4d and 4f final state levels drive the splitting of these angular-momentum-coupled states, generating energy splittings on the scale of 20 eV. The pre-peak structure can persist as individual peaks but at higher photon energies, where the outgoing electron can actually escape, coupling to the continuum generates a large, broad peak, which is sometimes referred to as the giant resonance. Sugar predicts that for 4f 13 , only a single line should be observed. Because of the interaction of the 4f and 5d6s manifolds, the f states do not necessarily fill monotonically. The situation can be further complicated by the presence of separate and different valencies on the surface and in the bulk. The best observation of the end of series behavior is in Yb and YbO by Johnsson et al. Yb ( 4f 14 ) shows no edge or line but YbO (4f 13 ) exhibits a single, fairly broad peak. Thus, the characteristics of filling the rare earth 4f shell is (1) the loss of pre-peak structure at an initial state of 4f 13 and (2) . In the 4f levels of the Lanthanides, where Russell-Saunders coupling is occurring, the only filling effects can be seen at the end of the series. (Half filling is possible, but doesn't seem to be important: it may be obfuscated by the effects of multiple 4f valencies and interactions with the 5d6s manifold.) In the actinides, the filling can be seen to occur mid-series, when the (5f 5/2 ) occupation goes from 5 to 6 in the process of XAS or EELS. It is possible to partially fill the (5f However, this should occur at higher photon energies and fall within the large, broad feature associated with transitions into the continuum. Thus, it is expected that the single, fairly broad peak from the (5f 5/2 ) level and all of the (5f 7/2 ) features should become part of the giant resonance peak.
To summarize, the XAS data for the 5d to 5f transition in Pu demonstrates the failure of RS coupling for Pu and the necessity of n =5 for the Pu 5f states. These conclusion were reached without the need for spectral simulations of Pu! IIb2. Pu is a jj-skewed Intermediate Coupling case, with a large 5f spin-orbit coupling. Spin orbit splitting dominates delocalization effects: V SO > V Delocalization , to the point that the Pu 5f states can be viewed as predominantly localized. In section IIb1 above, the 5d to 5f transition, with an energy of about 100 eV, was used to probe the electronic structure of Pu. An alternative route is to use the 4d to 5f transition, again with electric dipole matrix elements of XAS, to interrogate the electronic structure of Pu. The 4d to 5f transitions occur at an energy of about 800 eV. Because deeper core levels are being used, there is a larger core level spin-orbit splitting, on the scale of 50 eV, separating the intensities into two well defined peaks, the 4d 5/2 and the 4d 3/2 . One manifestation of dipole selection rules is that 3/2 to 7/2 transitions are forbidden. Thus, as the 5f 5/2 levels fill up, the intensity of the 4d 3/2 peak will drop dramatically. In fact, we have observed this in the Pu XAS and EELS spectra, shown in Figure 6 . For comparison, the spectra of the corresponding 3d to 4f transitions of Ce are also shown in Figure 6 . In the case of Ce, the 4f's are almost completely empty, so the attenuation of the 3/2 peak is minimal.
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In order to quantify the analysis of this transition, the intensities of the peaks were determined and then converted into Branching Ratios (B), where B = I 5/2 (I 5/2 + I 3/2 ). Subsequently, these branching ratios were converted into spin-orbit moments, <w110>. By comparing the experimental results with atomic calculations for the RS Limit, jj Limit and Intermediate Coupling Case, we can use the spin-orbit interaction as a measure of the degree of localization of valence electrons in a material. In order to get the systematics within the actinide series, the spin-orbit interactions in the light actinide metals, a-Th, a-U and a-Pu, hav been determined using the branching ratio of the white line peaks of the N 4,5 edges, which correspond to 4d -> 5f transitions. Examination of the branching ratios and spin-orbit interaction shows that the apparent spin-orbit splitting is partially quenched in a-U, but is strongly dominant a-Pu. These results are fully quantified using the sum rule. This picture of the actinide 5f electronic structure is confirmed by comparison with the results of electronic structure calculations for a-Th, a-U and a-Pu, which in turn are supported by a previous Bremstrahlung Isochromat Spectroscopy (BIS) experiment (Figure 8 ). 
Enhanced Surveillance Campaign Experimental Benchmarking of Pu Electronic
L1 Report for the Enhanced Surveillance Campaign Experimental Benchmarking of Pu Electronic Structure
JG Tobin, LLNL Page 10 1/27/06
The spin-orbit split, two-lobe structure is clearly visible in the case of a-Th and this is consistent with Bremstrahlung Isochromat Spectroscopy (BIS) result of Baer and Lang [Phys. Rev. B 21, 2060 (1980)], shown as an inset. Because of the high energy (1487 eV) of the transition used in BIS, the BIS spectrum can provide a fairly accurate if somewhat broadened picture of the unoccupied density of states above the Fermi Level. (Thus in comparing BIS to the DOS calculations here, one should only look at the calculated DOS above the Fermi Level. In BIS, the spectral transitions are forbidden to states below the Fermi Level, leading to a sharp drop-off or step at the Fermi Level ( E = 0 eV) in the BIS data.) In the middle panel, the corresponding results are shown for a-U. Again, there is a strong agreement between the calculated DOS and the BIS of U, if the "1 eV" broadening of the BIS measurements is taken into account, with peaks at 1/2 eV and 2eV and a minimum near 1 eV, relative to the Fermi Level at 0 eV. Here again, the impact of increased relative delocalization in U can be observed: instead of two strongly lobed features as in Th and Pu, the DOS of U is "smeared out," above and below the Fermi Level.
Finally, in the lowermost panel of Figure 3 , the DOS of a representative atom from a-Pu is shown, with a breakdown into states composed of 5f 5/2 and 5f 7/2 origin. Clearly, the lower lobe is predominantly of 5f 5/2 character and the upper lobe is predominantly of 5f 7/2 character, but significant mixing is occurring, consistent with the Intermediate Coupling model used in the spectral analysis above. Thus it is obvious: even in a-Pu, the delocalization perturbation is a secondary effect relative to the spin-orbit splitting of the 5f states.
The remaining issues for Pu electronic structure are mainly those of electron correlation effects. .] We can resolve these last two issues with the Fano Effect measurements, as will be described below.
Our approach is founded upon a model in which spin and spin-orbit splittings are included in the picture of the 5f states and upon the observation of chiral/spin-dependent effects in non-magnetic systems. By extending a quantitative model developed for the interpretation of core level spectroscopy in magnetic systems, it is possible to predict the contributions of the individual component states within the 5f manifold. This has lead to a remarkable agreement between the results of the model and the previously collected spectra of low-coverage d-Pu.
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IIIa. Fano Effect Measurements
Let us digress for a moment and reconsider the Pu Density of States (DOS). In our recent PRB, Kutepov calculated both a non-magnetic (NM) and Anti-Ferromagnetic (AF) DOS. Both agree qualitatively with our simple picture derived from spectroscopic results. The NM and AF limits are related, being on opposite ends of the plot below in Figure 10 . (For NM, Hs/z = 0, and for AF, the extreme limit would be Hs/z > 10. Here Hs = Spin Field (Exchange) and z = Spin-Orbit Parameter) What about an intermediate solution? Figure 9 The Pu DOS. One way to extract the possible size of the magnetic perturbation would be to analyze the X-ray Absorption Branching Ratio of Pu, assuming a jj limit with a magnetic splitting. We have done that and the result is shown below in Figure 10 .
Here we have analyzed the Pu 4d to 5f XAS data, shown in Figure 6 , with a simple one electron picture with 5 electrons in the 5f level (n = 5), magnetically polarized 5f states, and linear photon polarization, including the correct state to state transition cross sections within the electric dipole approximation. The branching ratio analysis gives the result that Hs/z = 2.5. (See Figure 10. ) From Kutepov's calculations we know that DE SO ≈ 2 eV and using Hs/z = 2.5, we obtain DE MAG ≈ 0.2 eV. Our new model can explain the "regular" photoemission results for d-Pu. Using the value of Hs/z = 2.5 and including the correct state to state transition cross sections within the electric dipole approximation for Photoelectron Spectroscopy (PES), the magnetic perturbation model (V SO + V MAG ) gives fairly good agreement with our data, bulk d and bulk a with a d reconstruction: at worst, the model result is semi-quantitatively correct. Interestingly, the model is closer to the results of Butterfield et, where the small remaining oxygen-driven contributions have been reduced even further. Please note that our model has no delocalization nor hybridization in it. In the 5f states, delocalization and hybridization are essentially the same. Thus the result of this analysis suggests that hybridization and delocalization play a role in the d-Pu 5f states but it is a TERTIARY role…..V SO > V MAG > V Delocalization . 
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The acid test of our new model of Pu electronic structure will be the spin dependence. Using the Fano Effect (Double Polarization Photoelectron Dichroism), we should see a strong spin dependence in Non-Magnetic Pu, as shown in Figure 12 At this point, it is useful to digress again and consider the "Fano Effect" and its special characteristics in more detail. We believe that Fano effect measurements (aka Double Polarization Photoelectron Spectroscopy, DPPS) are the key to unraveling the electron correlation in Pu. In Fano Effect measurements, one uses a chiral excitation and true spin detection of the electrons in NONMAGNETIC materials to gain detailed information about the valence band electronic structure of these materials. In ferromagnetic systems, it is necessary to have only single polarization because of the presence of the macroscopic magnetization vector. In the case of ferro-magnetic systems with a double polarization experiment, the major improvement is in increasing the magnitude of the observed effects, at the cost of raw signal rate. In non-magnetic systems with single polarization, no effect is observed. In order to see the underlying spin characteristics in non-magnetic systems, one must resort to double polarization experiments. We are pursuing this investigation in a two-pronged fashion: (a) calibration studies of Ce, the 4f analogue of Pu, at synchrotron radiation sources; and (b) in house studies of Pu.
Although we have not yet been able to carry out the Pu Double Polarization experiment, we have been able to test the feasibility of this approach using Ce, the Rare Earth element analog of Pu. Shown in the section below are our preliminary results for Double Polarization Photoelectron Spectroscopy of polycrystalline g-Ce, using both circularly polarized x-rays and spin resolving detection.
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IIIb.
Spin-Resolved Electronic Structure Studies of Non-Magnetic Systems: Possible Observation of the Fano Effect in Polycrystal Ce
The valence electronic structure and electron spectra of Cerium remain a subject of uncertainty and controversy. Perhaps the best and most direct method of ascertaining the valence electronic structure is the application of electron spectroscopies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , e.g. photoelectron spectroscopy for the occupied states [1-10, 12-14] and x-ray absorption [2] and Bremstrahlung Isochromat Spectroscopy (inverse photoelectron spectroscopy) [3, 11, 13] for the unoccupied states. Much of the controversy revolves around the interpretation of the Ce photoemission structure in terms of a modified Anderson Impurity Model [15, 16] . Here, in this correlated and multi-electronic picture, semi-isolated 4f states (at a nominal binding energy of 1 eV) are in contact with the bath of spd valence electrons, generating spectral features at the Fermi Level and at a binding energy corresponding to the depth of the bath electron well, about 2 eV below the Fermi Level in the case of Ce. This controversy has spilled over into issues such as the volume collapse associated with the alpha to gamma phase transition [17] [18] [19] and the electronic structure of Ce compounds [20] [21] [22] [23] . (A more generalized schematic illustrating the competition between the bandwidth (W) and correlation strength (U) is shown in Figure 14 .) Considering the remaining uncertainty associated with the spectral features and valence electronic structure of Ce, it seemed plausible that the situation would benefit from the application of a spectroscopy with increased resolution and probing power. To this end, we have applied circularly polarized soft x-rays and true spin detection, in a modified form of the photoelectron spectroscopy experiment, to the enigmatic Ce system. The result of this is that we have observed the first evidence of the Fano Effect in the valence electronic features of non-magnetic Cerium ultra-thin films. The Fano Effect is the observation of spin specific photoelectron emission from the valence bands of a non-magnetic material due to excitation with circularly polarized light. First predicted in 1969 by Fano [25] , the effect was experimentally confirmed by measuring the polarization of alkali vapor beams using detection of ions [26] [27] [28] and photoelectron emission [29] shortly thereafter. Subsequently, the effect was observed in the spin resolved photoemission of non-alkali systems, including the heavy atoms such as Th [30] , Hg [31] , and Xe/Pd (111) [32] . A variation of the Fano effect, in the core level photoemission of non-magnetic materials, has also been measured using both circular dichroism [33] and linear dichroism [34, 35] . Our data for Au is shown in Fig 15 . Last year, we reported are our preliminary low energy results for Double Polarization Photoelectron Spectroscopy of polycrystalline g-Ce, using both circularly polarized x-rays and spin resolving detection. There were strong spin specific features (near 120-122 eV KE) which reverse in spin polarity when the circular polarization helicity was reversed. (See Figure 16 .) These measurements, near the 4d to 4f resonance, had been taken at the Advanced Light Source at LBNL in Berkeley, CA. Now, we have expanded our Ce measurements to higher energy, using circularly polarized x-rays and true spin detection at the Advanced Photon Source at Argonne National Laboratory in Chicago, IL. (See Figure 17 ) These measurements were taken at the 3d to 4f resonance and confirm the lower energy measurements from the ALS.
Using circularly polarized x-rays and true spin detection via a MiniMott Detector, evidence of strong spin specific effects have been observed in the valence bands of ultrathin films of nonmagnetic Ce. (Fig 16 and 17) In the cases of the 3d 5/2 to 4f and 4d to 4f transitions, there is a large static spin polarization across the entire valence band due to singlet coupling in the decay process, a type of electron correlation in the coulombically driven de-excitation route. For the 4d to 4f transition, a smaller oscillation in the vicinity of the lower Hubbard Band, near binding energies of 1 -3 eV, is also observed. This smaller oscillation may be that for which we are looking, a manifestion of electron-electron correlation in the INITIAL STATES. However, the analysis here is complicated by the fact that the measurements were made on resonance in order to improve the counting rates. These "on resonance" measurements need to be repeated and extended to other photon energies. 
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The real issue here is the possibility of isolating spin-specific information about the Lower Hubbard (near 2 eV) and Kondo Peaks (at E F ). We seek to explore the nature of the Ce valence electronic structure, including the possibility of Kondo shielding in the peak at the Fermi energy. In order to do this, better resolution and off-resonance measurements are required. For this reason, lower energy experiments are now being performed, using a variant of the Linear Magnetic Dichroism technique, where a chiral configuration of vectors is constructed, using an un-polarized He source and spin detection. Preliminary results are shown in Figure 18 .
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